The self-fluxing alloy was thermal sprayed by using combustion flame spraying (FS) and high energy plasma spraying (HPS) as well as high velocity oxy-fuel spraying (HVOF) processes under different combustion chamber pressures of 0.56, 0.70 and 0.84 MPa. As-sprayed HVOF (0.56 MPa) coating contained a large amount of non-melted particles. Whereas, the as-sprayed HVOF (0.70 MPa) and (0.84 MPa) coatings were composed of melted and non-melted particles similar to the FS and HPS coatings. The compressive residual stress distributed through-thickness in the as-sprayed HVOF (0.56 MPa) coating. On the other hand, the tensile residual stress distributed through-thickness in the HVOF (0.70 MPa) and (0.84 MPa) coatings as well as the FS and HPS coatings. However, the through-thickness residual stress distribution of the HVOF coatings exhibited a low value under 100 MPa in the whole area of coating.
Introduction
Nickel-based self-fluxing alloy coatings have been extensively applied to mechanical components, boiler tubes and continuous casting molds because of the high wear resistance and corrosion resistance. It is known that plasma sprayed coatings tend to debond when the coating thickness increases 1) due to the large tensile stress in the coating.
2)
Whereas, it is easy to form very thick coatings by using a high velocity oxy-fuel process since the residual stress in the coating is small compared with other electric arc spraying or plasma spraying processes.
3) The HVOF process is recently used to form thick self-fluxing alloy coatings of 2 mm or more on copper molds for continuous steel casting.
The residual stress in thermal sprayed coatings is usually evaluated by X-ray diffraction method, curvature method and material removal method. [4] [5] [6] [7] [8] [9] However, the through-thickness residual stress distribution is rarely reported. 10) One of the authors applied the concept of the estimation method for residual stress using the inherent strain distribution to the thermal sprayed materials and found that this method is very effective to estimate residual stress distribution in thermal sprayed coatings.
11)
The aim of this work is to evaluate the residual stress distribution through-thickness for the coatings sprayed by different processes such as plasma spraying and conventional flame spraying processes. The residual stress in the coating obtained by these processes is also examined with respect to the structure.
Experimental Procedure
The relationship between the residual stress ( R ) and the elastic strain (" e ) in a material is given by the following equation,
where, E is the Young's modulus of the material. Total strain (") of a material bearing residual stress is the summation of the elastic strain (" e ) and the inherent strain (g) and expressed by the following equation.
Therefore, the residual stress can be calculated when the total strain and the inherent strain of the material are known. The inherent strain is the plastic strain existing in a material and has a characteristic that the distribution and the value of the inherent strain do not change unless subsequent plastic deformation is given to the material. Therefore, the residual stress can be measured from a specimen cut out of the material having the inherent strain in case of a sprayed coating because the inherent strain in a thermal sprayed material exists only in the coating and in the substrate close to the interface.
Nickel-based self-fluxing alloy containing high chromium and boron (JIS-MSFNi4 12) ) is used for thermal spraying. The alloy powder is sprayed onto a mild steel substrate by high velocity oxy-fuel (HVOF) process with different combustion chamber pressures. Coatings sprayed by high-energy plasma spraying (HPS) and conventional flame spraying (FS) processes are also prepared to compare with HVOF coatings. The spraying conditions are shown in Table 1 . The size ranges of the powders used are recommended by the producer as suitable size ranges for the respective processes. The thickness of HPS and FS coatings indicated in Table 1 is the maximum value formed without debonding. The thicknesses of the coatings were about 0.5 and 1.0 mm for HPS and FS processes, respectively. The coatings by HVOF process were formed to be about 2 mm in thickness, though coatings thicker than 2 mm could be formed. The structure of the coatings was observed by the optical microscope.
The specimen for measuring the residual stress was cut into the configuration shown in Fig. 1(b) from the sprayed plate [ Fig. 1(a) ]. The cut surface was removed by 0.2 mm thickness by grinding using #400 abrasive paper in wet condition because that the inherent strain generated by cutting extends to 0.1 mm depth and grinding with #400 abrasive paper in wet condition create no more inherent strain. 13) A strain gauge was attached on the opposite surface of the coating as shown in Fig. 2 . The surface of the specimen was successively removed layer by layer at about 0.1 mm space by grinding with abrasive paper in wet condition and the change in the strain was measured. The specimen was ground to be uniformly layer removal with measuring the depth by a micrometer. The layer removal was carried out until the measured strain does not change. The through-thickness distribution of the inherent strain and residual stress were calculated by the finite element method using the Young's moduli of the coating and the substrate.
The Young's modulus of the coating was measured by three point bending method. The piece for the bending test was made into the shape of 45 Â 10 Â 2 mm. The Young's moduli obtained in this study are summarized in Table 2 . The Young's moduli of the FS and HPS coatings could not be obtained because the coating distorted after debonding from the substrate. Therefore, the Young's modulus of 154 GPa for HVOF (0.70 MPa) coating was adopted for the calculation of the inherent strain and residual stress of the FS and HPS coatings. Figure 3 shows optical micrographs of as-sprayed coatings obtained by FS and HPS processes. Many non-melted particles are seen in the FS coating [ Fig. 3(a) ]. This is because flame temperature is not so high and powders used for the FS process are rather coarse. The HPS coating is consisted of mainly melted particles though non-melted particles are included partially [ Fig. 3(b) ]. Figure 4 shows optical micrographs of HVOF coatings sprayed under different conditions. The coating sprayed at low combustion chamber pressure of 0.56 MPa is composed of mainly nonmelted particles of dark image in Fig. 4(a) and small amount of melted particles of bright image. When the combustion chamber pressure is increased, the ratio of melted particles increases. The flattening of non-melted particles of dark image in the coating of 0.84 MPa [Fig. 4(c) ] is distinguished compared with that of the coating of 0.70 MPa [ Fig. 4(b) ]. This means that the flying speed of powders sprayed with 0.84 MPa is higher than those sprayed with 0.70 MPa. Figure 5 shows the change in measured strain for the specimens of the coatings sprayed by the FS and HPS processes as a function of layer removal depth from the coating surface. The measured strain of the coatings changes to negative with an increase of the removal depth. It means that the coatings have a tensile residual stress. The measured strain changes to increase, and then becomes constant. Figure 6 shows the inherent strains through the thickness calculated from the measured strain curves of the coatings sprayed by the FS and HPS processes. The inherent strain of the FS coating is low compared with the HPS coating. The inherent strain in the substrate is generated by blasting before spraying. Figure 7 shows the residual stress distributions through the thickness calculated from the inherent strain curves of the coatings. It is shown that low tensile residual stress under 100 MPa is distributed in the coating sprayed by the FS process. On the other hand, higher residual stress is generated in the HPS coating compared with the FS coating and the tensile residual stress of 3 times of the FS coating is revealed at the surface of the coating. It is understood from the result that the HPS process is not suitable to make a thick coating because of the high residual stress. It is also seen that high compressive residual stress of about 300 MPa is distributed near the interface in the substrate caused by the blasting before spraying. Figure 8 shows the change in the measured strain of the HVOF coatings as a function of the removal depth from the coating surface. The strain of HVOF (0.56 MPa) coating changes to positive side and the strain of HVOF (0.70 MPa) and (0.84 MPa) coatings change to negative side with an increase of the removal depth. It is expected from the curves that the HVOF (0.56 MPa) coating has compressive residual stress and the other coatings have tensile residual stress. Figure 9 shows the residual stress distributions calculated from the inherent strain curves which were obtained from the measured strain curves of the HVOF coatings. It is shown that the compressive residual stress less than 100 MPa is distributed in the HVOF (0.56 MPa) coating. On the other hand, tensile residual stress less than 100 MPa is generated in the HVOF (0.70 MPa) and (0.84 MPa) coatings. It is considered that the low residual stress and the high adhesion strength of HVOF coating are the reason why thick coating can be formed by HVOF. Such a thick coating as HVOF coating can not be formed by the FS process though the residual stress of the FS coating is relatively low. This may be caused by that the adhesion strength of the FS coating is not so high as the HVOF coating.
Results and Discussion

Structure
Residual stress distribution
It is known in general that the tensile residual stress is generated in the coatings formed with melted particles and the compressive residual stress is generated in the coatings composed mainly of non-melted particles. Therefore, the compressive residual stress may be distributed in the HVOF (0.56 MPa) coating. On the other hand, the tensile residual stress is distributed in the FS and HPS coatings, as well as the HVOF (0.70 MPa) and (0.84 MPa) coatings. It is considered that the part of melted particles would increase and bring about higher tensile residual stress in the coating with an increase of the chamber pressure. However, the tensile residual stress of the HVOF (0.84 MPa) is lower than that of the HVOF (0.70 MPa) in this study. The reason may be that the tensile residual stress of the HVOF (0.84 MPa) coating was much decreased by the peening effect of sprayed powders compared with the HVOF (0.70 MPa) coating.
Conclusions
The self-fluxing alloy powder was sprayed by FS, HPS and HVOF processes under different conditions. The structure and through-thickness residual stress distribution of the coatings was investigated. The results are summarized as follows:
(1) FS, HPS and HVOF coatings consist of melted and nonmelted particles. The ratio of melted particles in the HVOF coatings increases with increase of the combustion chamber pressure of HVOF process. (2) The tensile residual stress under 100 MPa is distributed through-thickness in the as-sprayed FS coating. On the other hand, the high residual stress compared with the FS coating is distributed through-thickness in the HPS coating and the tensile residual stress over 200 MPa is revealed around the coating surface. (3) The low compression residual stress under 100 MPa is distributed through-thickness in the as-sprayed HVOF coating under low combustion chamber pressure of 0.56 MPa and the low tensile residual stress under 100 MPa is generated in the HVOF coating sprayed under the high chamber pressures of 0.70 and 0.84 MPa. The residual stress distribution through-thickness of HVOF coatings shifts from compression to tension with an increase of the combustion chamber pressure of HVOF process.
